Introduction
Binding of erythropoietin (Epo) to its cognate receptor on the surface of immature erythroid cells initiates a series of intracellular signaling events, including the JAK/STAT, the ras/raf/MAP kinase and PI-3 kinase/ Akt pathways (Carroll et al., 1991; Damen et al., 1993 Damen et al., , 1995 Witthuhn et al., 1993; Gouilleux et al., 1995; Wakao et al., 1995; Bao et al., 1999; Lecoq-Lafon et al., 1999) . While JAK2 is widely regarded as the primary kinase involved in Epo signaling (Witthuhn et al., 1993) , members of the Src family of tyrosine kinases have also been implicated in intracellular signaling cascades (Tilbrook et al., 1997 Chin et al., 1998; Kubota et al., 2001) . Indeed, Src itself is activated by Epo , and is capable of promoting STAT5 phosphorylation .
We have used the J2E cell line to examine erythroid differentiation in response to Epo in vitro (Klinken et al., 1988; Busfield and Klinken, 1992; Tilbrook et al., 1997 Tilbrook et al., , 2001 . A mutant subclone (J2E-NR) failed to differentiate upon exposure to Epo (Klinken and Nicola, 1990; Tilbrook et al., 1996a) due to the absence of the Src family member Lyn (Tilbrook et al., 1997) . Ectopic expression of Lyn in J2E-NR cells overcame the inability to mature with Epo stimulation, as the cells regained the capacity to synthesize hemoglobin and undergo morphological maturation (Tilbrook et al., 1997) . Conversely, introduction of a dominant-negative Lyn into parental J2E cells suppressed Epo-induced differentiation, and reduced the levels of the key erythroid transcription factors GATA-1 and EKLF . Other studies have confirmed the association of Lyn with the Epo receptor and its participation in downstream signaling, including phosphorylation of STAT5 (Chin et al., 1998; Arai et al., 2001) . Lyn is also activated by Epo in CD34 þ cells maturing along the erythroid lineage (Harashima et al., 2002) , and can phosphorylate protein Band 3 in erythrocytes (Brunati et al., 2000) .
The importance of several molecules to erythropoiesis has been confirmed in vivo using genetically modified mice, for example, elimination of the gene for Epo, or the Epo receptor, is lethal as embryos die due to a failure of definitive erythropoiesis (Wu et al., 1995) . Similarly, JAK2-deficient mice die in utero with severe anemia (Neubauer et al., 1998; Parganas et al., 1998) , while ablation of GATA-1 also results in prenatal death due to a lack of functional red cells (Pevny et al., 1991) . Interestingly, mice engineered to express lower levels of GATA-1 (McDevitt et al., 1997) undergo compensatory extramedullary erythropoiesis in an attempt to maintain red cell levels (Vannucchi et al., 2001) . EKLF À/À mice, on the other hand, produce enucleated erythrocytes with insufficient hemoglobin and die of a lethal b-thalassemia (Nuez et al., 1995; Perkins et al., 1995) . Although
STAT5a/b
À/À mice do not display gross defects in their erythroid compartment (Teglund et al., 1998) , fetal anemia and an expansion of splenic erythropoiesis in adult mice due to decreased survival of early erythroblasts have been reported (Socolovsky et al., 1999; Socolovsky et al., 2001) .
Lyn-deficient mice have significant B lymphoid abnormalities, which culminate in autoimmune disease (Hibbs et al., 1995; Nishizumi et al., 1995; Chan et al., 1997) , consistent with the involvement of Lyn in B-cell receptor signaling (Corey and Anderson, 1999) . They also develop splenomegaly and extramedullary hemopoiesis (Harder et al., 2001) . Although the number of red blood cells in Lyn À/À mice appears normal (Nishizumi et al., 1995) , it has been reported that old Lyn-deficient mice have elevated Ter119-positive erythrocytes in their spleens (Satterthwaite et al., 1998) .
In this study, we examined the expression profile of transcription factors in J2E-NR cells and Lyn À/À erythroblasts. Unexpectedly, the levels of STAT5, EKLF and GATA-1 were reduced significantly in both J2E-NR cells and erythroid precursors from Lyndeficient mice. Considering the involvement of Lyn in Epo signaling in vitro (Tilbrook et al., 1997 Chin et al., 1998; Arai et al., 2001; Harashima et al., 2002) , Lyn À/À mice were then examined for other alterations to the erythroid compartment in vivo. Our data demonstrate that Lyn-deficient mice display extramedullary red cell production, characteristic of a stress erythropoietic response.
Results

Transcription factors are reduced in J2E-NR cells
Having observed that a dominant-negative Lyn construct reduced GATA-1 and EKLF levels in J2E cells , expression of erythroid transcription factors was examined in J2E-NR cells, which fail to express Lyn (Busfield and Klinken, 1992; Tilbrook et al., 1996a) . Immunoblotting experiments demonstrated that GATA-1 and EKLF protein content fell significantly in the mutant J2E clone lacking Lyn (Figure 1a) . Interestingly, the levels of STAT5a were also lower in J2E-NR cells.
The decrease in STAT5a expression in J2E-NR cells prompted a closer investigation of other STAT proteins in these cells. Figure 1b shows that the parental J2E cells, as well as the J2E-NR clone, contained equivalent amounts of STAT1a, STAT1b, STAT5b and STAT6. In contrast with the failure of J2E-NR cells to express STAT5a, the levels of STAT3 were raised 2-3-fold. These data indicate that the presence of Lyn can influence the amount of specific transcription factors within erythroid cells.
Numerous studies have shown STAT5 activation upon Epo stimulation (Damen et al., 1995; Gouilleux et al., 1995; Wakao et al., 1995; Gobert et al., 1996; Klingmuller et al., 1996; Iwatsuki et al., 1997; Gregory et al., 1998) , while other reports have indicated STAT1
and STAT3 are phosphorylated in response to Epo treatment (Ohashi et al., 1995; Penta and Sawyer, 1995; Kirito et al., 1998) . It is worth noting that several STATs are present in J2E cells (Figure 1b ), but only STAT5 isoforms were phosphorylated after Epo stimulation ( Figure 2a) ; although STAT1a, STAT1b, STAT3 and STAT6 were clearly detected in J2E cells, they were not phosphorylated following exposure to Epo (data not shown). Significantly, STAT5 phosphorylation was almost eliminated in Epo-stimulated J2E-NR cells (Figure 2a ). Despite abundant STAT5b present in these cells (Figure 1a and b), little phosphorylation was detected in the absence of STAT5a. Significantly, we have previously shown that J2E and J2E-NR cells have no significant difference in either total amount of JAK2 or level of Epo-induced phosporylation of JAK2 (Tilbrook et al., 1996a) . Nuclear extracts from unstimulated and Epo-stimulated J2E and J2E-NR cells were prepared for electrophoretic mobility shift assays. Anti-STAT5a and anti-STAT5b antibodies were used to super shift (ssSTAT5) the specific STAT5-DNA complex Electrophoretic mobility shift assays were then performed to examine the impact of STAT5 phosphorylation on DNA binding. Figure 2b shows that limited STAT5 association with DNA target elements was observed in J2E-NR cells compared with wild-type J2E cells. Collectively, these observations indicate that the absence of Lyn in J2E-NR cells had a marked effect on STAT5a content, as well as STAT5 phosphorylation and DNA-binding capacity.
Reduced transcription factors in Lyn
À/À erythroid cells
To explore whether the phenomenon of reduced transcription factor levels in J2E-NR cells was restricted to immortalized cells, splenic erythroblasts from Lyn À/À mice were isolated and examined for STAT, EKLF and GATA-1 content. Phenylhydrazine was used to induce a surge of erythropoiesis within the spleen, resulting in more than 80% of the cells being Ter119-positive erythroblasts. Strikingly, decreased levels of GATA-1, EKLF, STAT5a and STAT5b were detected in these Lyn-deficient splenic erythroblasts ( Figure 3a) ; the decrease in these transcription factors varied between 20 and 80% in different animals. These data supported the observations that STAT5a, EKLF and GATA-1 were noticeably lower in J2E-NR cells ( Figure 1a ). Moreover, these results showed that the absence of Lyn affects STAT5b content in primary erythroblasts. Like J2E-NR cells, Lyn À/À erythroblasts retained STAT1, STAT3 and STAT6 (data not shown).
The phosphorylation status of STAT5 was then examined in Lyn À/À erythroblasts. The data presented in Figure 3b indicate that, in addition to lower STAT5 levels, phosphorylation of STAT5 after Epo stimulation was attenuated in Lyn-deficient cells. Thus, Lyn has two effects on STAT5 in erythroid cells viz. it affects the amount of STAT5 protein and influences the degree of STAT5 phosphorylation. Interestingly, there is no significant difference in the total amount or level of Epo-induced tyrosine phosphorylation of JAK2 between Lyn À/À and Lyn þ / þ splenic erythroblasts (data not shown).
Lyn
À/À mice display erythroid abnormalities
, GATA-1 low , EKLF À/À and STAT5a/b À/À mice display various forms of deficiencies within the erythroid compartment (Pevny et al., 1991; Nuez et al., 1995; Perkins et al., 1995; Socolovsky et al., 1999 Socolovsky et al., , 2001 Vannucchi et al., 2001) . Since Lyn À/À mice had reduced levels of GATA-1, EKLF and STAT5 (Figure 3) , Lyndeficient animals were then examined for erythroid defects. Initially, peripheral red blood cells from young adult mice were investigated, but no differences in hematocrits (Figure 4a ), red cell numbers, hemoglobin content or red cell volume (data not shown) were observed between knockout and wild-type animals. However, there was a significant increase in the percentage of circulating reticulocytes detected in Lyn À/À mice ( Figure 4b ). Interestingly, as the mice aged their hematocrits fell and the animals became anemic (Figure 4a ). These observations suggested that a perturbation of the erythroid compartment was occurring in these animals.
A close examination of bone marrow from young adult Lyn-deficient mice was undertaken to determine if this was the site of defective erythropoiesis. However, colony assays revealed that the erythroid burst-forming units (BFU-E) and colony forming units (CFU-E)were normal, and that the number of Ter119-positive cells was unaltered (data not shown). Significantly, dysmorphic erythroblasts were observed in the bone marrow of Lyn À/À mice ( Figure 5a ). These cells were grossly enlarged compared with normal erythroid precursors and were reminiscent of megaloblasts. Surprisingly, florid erythrophagocytosis was detected in the Lyn-deficient bone marrow with numerous monocytes and macrophages engulfing enucleate erythroid (Figure 5b) . Thus, morphological and physiological abnormalities involving the erythroid lineage were detected in Lyn À/À bone marrow.
Splenic erythropoiesis in Lyn
As stress erythropoiesis occurs in the spleen (Bauer et al., 1999; Socolovsky et al., 2001) , the spleens of Lyn À/À mice were examined next. Unlike the bone marrow, a marked increase in erythroblasts at various stages of maturation was seen in the spleens of Lyn-deficient animals ( Figure 6a ). It is worth noting that a proportion of abnormally large erythroblasts were also detected in the spleen. However, the immature splenic erythroid cells were able to synthesize hemoglobin, as they stained positive with neutral benzidine (Figure 6b ). In addition, the erythroblasts displayed a normal dose-response curve in response to Epo stimulation (Figure 6c ). The number of erythroid cells found in the spleens of young adult Lyn À/À mice was then quantitated by flow cytometry. A significant 3-4-fold rise in total Ter119-positive erythroid cells was observed in splenic preparations from Lyn-deficient mice (Figure 7a ). Owing to the increased number of cells in Lyn À/À spleens, this equates to a 4-5-fold increase in total Ter119-positive cells per Colony assays were also performed to determine whether the levels of erythroid progenitors within the spleen were altered in Lyn À/À mice. Figure 7b shows that BFU-E and CFU-E levels were markedly elevated in the spleens of Lyn-deficient mice. In contrast with the few BFU-E or CFU-E detected in wild-type spleens, large numbers of progenitors were present in Lyn À/À spleens. This extramedullary red cell production in the spleen indicates that the animals were undergoing persistent stress erythropoiesis, comparable with GATA-1 low and STAT5a/b À/À mice (Socolovsky et al., 2001; Vannucchi et al., 2001) .
Lyn
À/À mice respond faster to phenylhydrazine
Both GATA-1 low and STAT5a/b À/À mice display altered responses to phenylhydrazine treatment and exogenous Epo challenge (Socolovsky et al., 1999; Vannucchi et al., 2001) . Therefore, Lyn À/À mice were injected with phenylhydrazine, and a rapid anemia was observed in both wild-type and knockout mice ( Figure 8a) ; notably, however, the hematocrits and circulating reticulocyte levels of Lyn-deficient mice recovered faster than their wild-type counterparts (Figure 8a,b) . Moreover, splenic BFU-E and CFU-E numbers were raised significantly in knockout animals (Figure 8c ). Like GATA-1 low mice, the state of constant stress erythropoiesis experienced by Lyn À/À mice probably explains the reduced reaction time to phenylhydrazine-induced anemia.
Lyn-deficient mice were also exposed to repeated injections of exogenous Epo. Figure 8d shows the rapid reticulocyte response by Lyn À/À mice, prior to the rise in hematocrits, which peaked at 67% on day 7. These responses to the physiological stresses imposed upon Lyn-deficient mice are remarkably similar to the data obtained with GATA-1 low mice (Vannucchi et al., 2001) .
Discussion
Previous studies have shown that J2E-NR cells, which lack Lyn, have impaired intracellular signaling in response to Epo (Tilbrook et al., 1996a (Tilbrook et al., , 1997 . In this study, we demonstrate that the absence of Lyn in this mutant J2E clone results in markedly reduced levels of transcription factors GATA-1, EKLF and STAT5a. Similarly, the concentration of these transcription factors was much lower in Lyn À/À erythroblasts. These data suggest that in erythroid cells Lyn plays an important role in regulating transcription factor levels. This function appears to be supplementary to Lyn's role of initiating intracellular signaling cascades in response to Epo (Tilbrook et al., 1997 Corey and Anderson, 1999) .
The observation that Lyn can affect transcription factor content is consistent with the observation that introduction of a dominant-negative Lyn into J2E cells suppressed GATA-1 and EKLF levels . Conversely, overexpression of Lyn in the immature R11 erythroid cell line enhanced GATA-1 and EKLF levels appreciably, and promoted spontaneous differentiation along the erythroid pathway (Sarna et al., 2003) . Thus, alteration of Lyn activity within erythroid precursors influences key erythroid transcription factor levels, independent of Epo stimulation.
The concentration of GATA-1 within hemopoietic progenitor cells plays a significant role in directing lineage fate (Kulessa et al., 1995; Yamaguchi et al., 1998; Heyworth et al., 2002) . This transcription factor plays a crucial role in the viability, proliferation and differentiation of red blood cells (Tsai et al., 1989; Pevny et al., 1991; Weiss et al., 1994; Rylski et al., 2003) , and the levels of GATA-1 have a major effect on erythroid cells -reducing GATA-1 content in GATA-1 low mice perturbs the erythroid compartment (McDevitt et al., 1997; Vannucchi et al., 2001) , while overexpression of GATA-1 in transgenic mice impedes differentiation and results in a fatal anemia (Whyatt et al., 2000) . STAT5 is also important for erythroid precursor cells as it Extramedullary erythropoiesis in Lyn À/À mice E Ingley et al activates the antiapoptotic molecule Bcl-X L (Socolovsky et al., 1999) , while EKLF is an erythroid-specific transcription factor that affects globin and heme enzyme genes for hemoglobin synthesis (Miller and Bieker, 1993; Nuez et al., 1995; Perkins et al., 1995; Spadaccini et al., 1998; Coghill et al., 2001) . It is significant, therefore, that the GATA-1, EKLF and STAT5 content were reduced in Lyn À/À erythroid cells, and that an impairment of erythropoiesis was observed in Lyn-deficient mice.
A notable feature of this study was the parallel between the erythroid phenotypes displayed by Lyn À/À and GATA-1 low mice (Vannucchi et al., 2001) . The decrease in GATA-1 protein in Lyn-deficient mice is comparable with the reduction in GATA-1 low mice (McDevitt et al., 1997) , which may explain the similar phenotypic alterations, that is, both mice strains display extramedullary stress erythropoiesis, indicating a compensatory mechanism to overcome erythropoietic defects. Like GATA-1 low animals (Vannucchi et al., 2001 ), large numbers of erythroid progenitors and precursors were detected in the spleens of Lyn À/À mice. The altered responses of Lyn À/À mice to phenylhydrazine and exogenous Epo were also similar to GATA-1 low animals. These data indicate that the reduction of GATA-1 levels in Lyn À/À mice is likely to contribute to the red cell problems encountered by Lyn-deficient animals.
The decrease in STAT5 protein in Lyn À/À mice may also add to the difficulties in erythropoiesis, since STAT5a/b À/À mice develop erythroid abnormalities (Socolovsky et al., 1999 (Socolovsky et al., , 2001 . Moreover, the reduction in Epo-stimulated phosphorylation of STAT5 observed in Lyn-deficient erythroblasts supports the proposition that Lyn plays a role in STAT5 phosphorylation (Chin et al., 1998) . Taken together, the decrease in GATA-1 and STAT5 strongly indicate that an intrinsic defect exists within Lyn À/À erythroid cells. The erythrophagocytosis observed in Lyn-deficient animals suggests an additional, extrinsic defect in erythropoiesis. As histiocytosis and histiocytomas are known to induce erythrophagocytosis, it is significant that Lyn À/À mice accumulate atypical myelomonocytic cells and develop monocyte/macrophage malignancies (Harder et al., 2001) , which could account for the abnormal engulfment of erythrocytes in these animals. It is also conceivable that as autoimmune disease emerges in Lyn À/À mice, they may develop an autoimmune hemolytic anemia, which is typically characterized by reticulocytosis, erythrophagocytosis and extramedullary erythropoiesis. It is likely, therefore, that the combination of intrinsic and extrinsic erythroid defects generates compensatory extramedullary erythropoiesis, which ultimately leads to anemia as the animals age.
An interesting observation to emerge from this study is that numerous STAT proteins were present in the J2E erythroid line; however, only STAT5 was phosphorylated and activated following Epo induction. This result is compatible with the recent observations that Epo only activates STAT5 in primary erythroblasts (Oda et al., 1998) . As STAT3 has been implicated as a negative regulator of red cell maturation (Kirito et al., 1998) , it is tempting to speculate that different STATs are activated at discrete stages to modulate erythroid differentiation.
In summary, the data presented in this manuscript reveal that Lyn affects erythroid transcription factor levels and that an underlying perturbation of red cell production occurs in Lyn À/À mice. These observations show that the effects of Lyn are not restricted to in vitro models of erythroid maturation, and that this tyrosine kinase does indeed play a crucial role in erythropoiesis in vivo.
Materials and methods
Mice
Lyn
À/À and Lyn þ / þ mice (129/BL6 background) (Hibbs et al., 1995) were generally analysed between 10 and 12 weeks of age. Anemia and polycythemia were induced by treatment with either phenylhydrazine (60 mg/kg body weight) (Klinken et al., 1987) or rhEpo (10 U/mouse) (Vannucchi et al., 2001) , respectively.
Cell culture
Hemopoietic parameters Heparinized microcapillary tubes were used for hematocrit determination, and reticulocyte content enumerated after methylene blue staining. Bone marrow and splenic cell morphology were examined microscopically, following cytocentrifugation and Wright's Giemsa staining with, or without, neutral benzidine staining (McLeod et al., 1974) . Flow cytometry was employed to assess cell surface expression of Ter119 (phycoerythrin-conjugated antimouse Ter119, BD Biosciences) and c-kit (fluorescein isothiocyanate-conjugated anti-mouse CD117, BD Biosciences), as detailed previously (Sarna et al., 2003) using an Epics XL/ MCL flow cytometer (Beckman-Coulter, Palo Alto, CA, USA). BFU-E and CFU-E were determined using methylcellulose cultures, as described elsewhere .
Cell line parameters J2E cells are derived from murine fetal liver erythroid cells immortalized with the J2 retrovirus expressing v-raf and v-myc (Klinken et al., 1988) . J2E-NR cells are an Epo nonresponsive subclone of J2E cells generated spontaneously (Klinken and Nicola, 1990 ) and lack expression of Lyn (Tilbrook et al., 1997) . J2E and J2E-NR cells were grown in Dulbecco's modified Eagle's medium/5% fetal bovine serum, and differentiation was initiated with Epo (5 U/ml) (Klinken et al., 1988; Busfield and Klinken, 1992) . Viability was determined by eosin dye exclusion (Tilbrook et al., 1996b) and hemoglobin synthesis by benzidine staining (Klinken et al., 1988; Busfield and Klinken, 1992) . Proliferation was assayed by [ logy Inc., SC-1081, SC-835) for 2 h at 41C, then collected with protein G-Sepharose beads for 16 h before washing and analysis by immunoblotting. Additional antibodies used for immunoblotting were anti-MAP kinase, anti-v-raf, anti-phosphotyrosine and anti-GATA-1 (Santa Cruz Biotechnology Inc., SC-154, SC-133, SC-7020, SC-265), anti-STAT1, anti-STAT3 and anti-STAT6 (Transduction Laboratories, Lexington, KY, USA). Anti-EKLF antibodies were generously provided by Dr Jim Bieker (Mount Sinai School of Medicine, NY, USA). Secondary antibodies were coupled to horseradish peroxidase (Amersham Biosciences, UK) and detected by enhanced chemiluminescence (Amersham Biosciences).
Electrophoretic mobility shift assays
Nuclear extracts were prepared according to the method of Ramsay et al. (1992) from equal numbers of J2E and J2E-NR cells, and DNA-binding reactions were conducted as we have described previously (Spadaccini et al., 1998) . Briefly, 5 mg of nuclear extract was incubated with a 32 P-end-labeled oligonucleotide (5 0 -AGA TTT CTA GGA ATT CAA ATC-3 0 ) corresponding to the STAT5 motif in the b-casein promoter (Oda et al., 1998) . The STAT5 complex was identified using specific supershifting anti-STAT5 antibodies as described (Oda et al., 1998) .
